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Abstract— We developed a new grip force measurement 
concept that allows for embedding tactile stimulation 
mechanisms in a gripper. This concept is based on a single 
force sensor to measure the force applied on each side of the 
gripper, and it substantially reduces artifacts of force 
measurement caused by tactor motion. To test the feasibility of 
this new concept, we built a device that measures control of grip 
force in response to a tactile stimulation from a moving tactor. 
First, we used a custom designed testing setup with a second 
force sensor to calibrate our device over a range of 0 to 20 N 
without movement of the tactors. Second, we tested the effect of 
tactor movement on the measured grip force and measured 
artifacts of 1% of the measured force. Third, we demonstrated 
that during the application of dynamically changing grip 
forces, the average errors were 2.9% and 3.7% for the left and 
right sides of the gripper, respectively. Finally, we conducted a 
user study and found that in response to tactor movement, 
participants increased their grip force, and that the increase 
was larger for a smaller target force and depended on the 
amount of tactile stimulation.  
 
I. INTRODUCTION 
During daily activities, we manipulate objects and secure 
them from slippage by means of stabilizing grip forces. For 
example, when we push a pen against a paper we apply a 
grip force using our fingers and adjust it to prevent the pen 
from slipping. Aside from natural interaction with objects, 
grip force on a manipulation mechanism is also important in 
non-natural interactions, such as teleoperation [1] or virtual 
reality with haptics [2]. At the master interface, it can be an 
important control signal for manipulation of objects with the 
remote tool [3]. 
In these applications, feedback about the interaction with 
the remote or virtual objects is provided at the manipulator 
interface. In recent years, there is an increasing popularity of 
the design of tactile devices for such feedback [2]–[22] 
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However, to date, the design of most of the devices focuses 
largely on providing compelling tactile sensation without 
accurate measurement of the motor response and specifically 
the adjustment of grip force. By understanding the effect that 
tactile stimuli have on the adjustment of grip force, we can 
eventually design better manipulation mechanisms and 
controllers for teleoperation.  
Recent studies incorporated a grip force measurement 
element into their tactile stimulation devices and tested the 
effect that skin-stretch stimuli have on grip force control  [5], 
[6],[13],[15]. However, those studies recorded only part of 
the grip force. As a result, the measured grip force was 
scaled down and may have suffered from stimulation 
artifacts [15]. 
In this study, we present a new versatile grip force 
measurement concept for tactile devices, capable of 
accurately measuring grip force from each side of the gripper 
separately using a single force sensor and minimizing 
artifacts.  We implemented this concept on a static platform 
and present its design followed by the design and control of a 
new 2-DoF skin-stretch device that we integrate into it (Fig. 
1). Furthermore, we present an analysis of the measured 
forces and the measurement artifacts. To validate our force 
measurement concept, we calibrated the device and 
quantified the artifacts using an external force measurement 
system. Finally, we demonstrated the use of our device in a 
user study in which participants were instructed to maintain a 
constant grip force and tested how they responded to skin-
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 Fig. 1. A general overview of the grip force measurement device. The user 
holds the device by placing the finger and thumb on the apertures from 
opposite sides of two identical levers. The levers are fitted with a tactile 
stimulation mechanism that moves a rubber tactor against the skin (inset 
shows zoomed in top view of a semi-transparent index finger on the 
aperture). The device measures each of the forces acting on the two levers 
using a single force sensor (not visible). 
 stretch stimulation of the finger pad by adjustment of grip 
force. 
II. BACKGROUND 
Our novel device combines a grip force measurement 
mechanism with tactile stimulation by means of a tactor 
movement that stretches the skin of the finger pads (Fig. 1). 
In this section, we provide background on grip force control, 
tactile stimulation, and the connection between them. 
A. Grip Force Control 
Grip force is the force that we apply perpendicularly to 
objects held in precision grip to prevent their slippage.  
Human control of grip force consists of feedforward and 
feedback components [23],[24]. Feedforward control of grip 
force is composed of a nonspecific baseline and modulation 
in anticipation of the load forces that will be applied by the 
object. The baseline component is increased with uncertainty 
about the load force [2] while the anticipation of load force is 
based on an internal model of the object dynamics, which is 
updated during repeated interactions with the object [23]–
[31]. The feedback component adds an additional modulation 
in grip force in reaction to an indication of slippage or a 
sudden load force by cutaneous mechanoreceptors [23],[25], 
[29],[32]–[35]. 
Most of the studies that aimed at understanding the 
contribution of tactile information to grip force control 
involved anesthetized [36] or impaired tactile sensing 
subjects [27]. Fewer studies investigated the contribution of 
tactile information to grip force control in the intact motor 
system. Quek et al. [5] incorporated a grip force 
measurement element into their 3-DoF skin-stretch device to 
test the effect of skin-stretch on the average grip force. In 
[37], a similar device was used to test the effect on the 
predictive and reactive components of grip force control. In 
both studies [5],[15], the skin stretch mechanism consisted of 
an aperture and a mobile tactor that stretched the skin relative 
to the aperture, and both devices measured only the part of 
the grip force which is acting on the aperture, omitting the 
component acting on the tactor. This partial measurement 
limited the interpretation of the experimental data because it 
was not clear whether changes in the measured forces were 
fully or partially caused by artifacts [37]. The grip force 
measurement concept that we present here is designed to 
minimize artifacts and allow for a reliable interpretation of 
changes in grip force in response to tactile stimulation. 
Moreover, the studies of grip force control mostly 
addressed the total or average grip force coming from both 
sides of the grip [1],[6],[15],[26],[29],[36]. Indeed, when a 
held static object is not grounded, the grip forces on both 
sides must be equal to prevent movement. However, a simple 
force analysis can show that it is not the case when the object 
is grounded, moves dynamically or when the grip is not 
horizontal. Therefore, several studies measured the force 
applied by each of the gripping fingers separately to shed 
light on the control of grip force during object manipulation 
[38]–[47]. For example, Edin et al [47] used separate force 
sensors for the index finger and the thumb and found that the 
force applied by each digit is controlled independently during 
precision lifting. Metzger et al [42] incorporated two force 
sensor into their robot to asses hand functions. Other studies 
used separate sensors to investigate abnormalities in the 
control of grip in pathological conditions, such as in 
Parkinson’s disease [48],[49] or  stroke [50].  
The measurement of grip force in each of the fingers 
presents design challenges to the incorporation of accurate 
force sensors in a gripper due to space limitations [38]–[45]. 
This challenge is exacerbated if one wishes to accurately 
measure the grip force during tactile stimulation [5],[6],[13], 
[15]. In some cases, the use of multiple sensors that are in 
direct contact with the fingers is necessary, such as in 
unconstrained grasping [43] or in the measurement of digit 
placement [44]. Nevertheless, in other cases, reducing the 
number of sensors and positioning them away from the digits 
can be beneficial. Our novel grip force sensing concept uses 
a single 6-axis force sensor that is located away from the grip 
site to measure the grip forces, and hence solves both design 
challenges simultaneously while reducing the number of 
expensive force sensors. 
B. Tactile Stimulation Devices 
Traditional haptic devices are kinesthetic, i.e., devices that 
can apply forces and torques on the user. These devices 
provide a complete haptic experience since they both apply 
forces and stimulate the skin [51]. Despite their many 
advantages, they bring a challenge of instability [52],[53], 
which calls for alternative ways to provide haptic feedback 
by means of tactile stimulation.  
The simplest form of tactile stimulation is vibrotactile 
feedback which is already used broadly in mobile phones and 
other electronics to convey binary information, i.e., an 
indication that something occurred. The dimensionality of 
the conveyed information can be increased by including 
arrays of vibration actuators [54] or by altering the frequency 
and amplitude of the vibration [55].  
Another recently developed tactile feedback approach is skin 
deformation. The deformation can be in the normal [18] or in 
the tangential direction [22] causing indentation or stretch of 
the skin, respectively. Skin stretch devices can produce 
deformation that resembles the deformation occurring in 
natural interactions with objects, and can convey object 
properties such as stiffness [4], curvature [21] or friction [14] 
. It can also convey artificial information for sensory 
substitution in prosthetics [12] or teleoperation [7],[22]. Skin 
stretch devices can be distinguished by the location on the 
skin being stretched. Some common locations for using skin 
stretch devices are the palm [9], forearm [11], upper arm [56] 
and finger pad [16]. The latter has the largest density of 
mechanoreceptors compared to other locations on the skin 
[57] and was therefore the location of choice for the design 
of the skin-stretch device in this study. 
Additionally, an important characteristic of skin stretch 
devices is the attachment of the device to the body. A 
common attachment method for the finger-pad is that of a 
thimble [16]. Although thimble-based attachment can be 
effective in lab use [58], it may damage the natural feeling of 
the interaction with objects and can be inconvenient to use 
with some portable devices. Another attachment method is 
 that of an aperture [19]. The pressure against the aperture 
prevents tangential movements of the finger and isolates the 
skin from skin deformation caused by other interaction forces 
with the device while providing a more natural interaction 
with the skin. In the design of our device, we chose to use 
aperture-based attachment to provide an interaction with the 
gripper that resembles that of holding a portable object.  
Finally, skin-stretch devices are also differentiated by their 
number of degrees of freedom (DoFs). 1-DoF devices [22], 
[56] stretch the skin in a single direction and can convey 
information about magnitude using the amount of stretch [4]. 
2-DoF devices can move and convey directional  information 
[17] while 3-DoF devices also cause normal deformation of 
the skin [5],[8]. Additional degrees of freedom can be 
implemented using rotating elements that cause torsional 
skin deformation or by applying skin stretch in opposite 
directions to create a torsional sensation [20],[6]. We chose 
to implement a 2-DoF actuator to allow for investigation of 
skin-stretch in all the directions in the contact plane. 
However, we test only one direction in our user study. 
 
III. DESIGN, CALIBRATION, AND VALIDATION  
A. Design 
Our device (Fig. 1) incorporates two main components: a 
force measurement system and a stimulation mechanism. The 
force measurement system is composed of two levers and a 
force sensor to measure the grip forces (Fig. 2(a)), and the 
stimulation mechanism (Fig. 2 (b)) is mounted on the levers 
and moves a tactor to stretch the skin of the finger pad. The 
tactor is a rubber Lenovo® TrackPoint® whose diameter is 2 
mm (identical to the one used in previous devices [22]). As 
the user holds the levers and applies grip force against the 
apertures, the movement of the tactor stretches the skin (Fig. 
1). The device is primarily manufactured using 3D printing.  
 
1) Force Measurement System 
The force measurement system is composed of two 
identical levers attached to a base which holds a 6-DoF 
ATI® NANO25® force sensor, through a rotational axis. 
The grip forces applied by the user are rotated and amplified 
using the rotational joint. The sum of the amplified grip 
forces acting on both levers is measured by the 6-DoF force 
sensor. The design distance between the center of the force 
sensor to the contact points of the lever (marked as d) is   
7.32 mm. As a result, each of the grip forces applies a torque 
on the force sensor in the y direction which is proportional to 
the force. As the first lever produces a positive torque, the 
second lever produces a negative torque, and hence, the 
measured torque is proportional to the difference between the 
two grip forces. Using the sum and difference of the grip 
forces we can evaluate the value of each of them separately 
(see section B). 
 
2) Tactile Stimulation Mechanism 
A tactile stimulation mechanism, such as the skin-stretch 
mechanism shown in Fig. 1 and  Fig. 2, can be mounted into 
each one of the levers. Here, we present the design of an 
actuation mechanism for the tactors composed of two 
identical uncoupled linear actuators. The linear actuators of 
each mechanism are orthogonal; the y actuator is mounted on 
top of the link of the x actuator such that they can produce 
motion in the x and y directions (directions are marked in  
Fig. 2). Each actuator is comprised of a 12 mm Polulu® 
micro DC motor with a 1:51.45 gear box producing a 
maximum torque of 84.37 Nmm and a nominal speed of    
590 RPM. The motors rotate 4 mm leadscrews whose pitch p 
is 0.7 mm. As a result, the linear motor advances its link by 
0.0136 mm per motor revolution which ensures high 
positional accuracy. Given the input torque of the motors, the 
diameter of the leadscrew, and the coefficient of friction of 
steel over steel (0.17) [59], the linear actuator can produce an 
estimated thrust force of 181.8 N [59]. A small arm, which 
we refer to as the end link, is rigidly connected to the second 
link. The tactor, a Lenovo® TrackPoint® Cap which is in 
touch with the user’s finger pad, is attached to the end link 
through a 5 mm screw that allows the adjustment of its 
Fig. 2. The main components of the device. (a) The back base with the 
force sensor, the two levers and the actuators of the tactors integrated 
into each lever. (b) An exploded view of the actuator of the tactor 
composed of two identical and uncoupled linear actuators (x and y 
directions).
 height and therefore indentation into the skin of the user. The 
tactor can be easily replaced if different contact 
characteristics are required.   
 
3) Control and Electronics 
The motor position is controlled using closed loop Min-
max control on the duty cycle at a rate of 100 Hertz. Each of 
the motors is controlled separately. We used an Arduino® 
Uno® controller to control the motors using an 8 volts 
battery power source and a BasicMicro® RoboClaw® motor 
driver to amplify the input power and current. Magnetic 
encoders were instrumented on the main axis of each of the 
motors to produce 617 counts per output revolution. The 
closed loop error is smaller than 60 counts which is 
equivalent to 0.068 mm, for the given gear ratio and pitch.  
To calibrate the zero position of each actuator, we used the 
current reading from the motor driver. The actuator first 
moves the link towards one direction until an increase in 
current is identified signifying that the link is blocked and 
reached its range limit. The actuator then moves the link to 
the middle of the predefined range and sets that position as 
zero. This ensures that the zero position is the same on 
different uses of the device. We used MATLAB® to 
communicate with the Arduino controller through a serial 
port to set the desired position. 
 
B. Force Analysis 
A force analysis is shown in Fig. 3. Each finger applies a 
grip force FGrip on the device, that is divided into FT and FA 
that are applied on the aperture and tactor, respectively, and 
are distributed over their contact area as demonstrated in  
Fig. 3. As the tactor moves, a friction force between the 
tactor and the contact point with the finger FTf is generated. 
Moreover, a movement in the y direction causes a change in 
the point of action of FT and therefore a small change in the 
calculation of the torque. Using the torque equilibrium 
around the joints (1 or 2), the force acting on the force sensor 
as a function of the grip force is: 
 sinG AM Grip Tf T
M G G
L L yF F F F
L L L
       , (1) 
where LG, LM, and LA are the geometric dimensions of the 
levers, as shown in Fig. 3, and θ is the angle of the tactor 
movement with the x axis. Since we are interested in FGrip, 
we define the second and third terms in the parentheses as 
unwanted measurement artifacts, marked together AT. 
Furthermore, we note that due to manufacturing tolerances 
some geometrical differences between the two levers might 
arise. Thus, considering both sides of the grip, we have 
    (1) (2)(1) (1) (2) (2)(1) (2)G GM Grip T Grip T
M M
L L
F F A F A
L L
    . (2) 
The grip forces also generate a torque TM given by: 
    (1) (2)(1) (1) (2) (2)1 2(1) (2)G GM Grip T Grip T
M M
L d L d
T F A F A
L L
     . (3) 
 Fig. 3. Force analysis diagram. The force FM measured by the force sensor is the sum of the grip forces amplified by a factor of LG/LM, with an artifact 
caused by friction with the tactor and by a change in the point of action of FT. The measured torque is proportional to the difference between the forces. 
The inset shows the contact areas of the forces FT and FA constructing FGrip, and of the friction force FTf. 
 Solving (2) and (3) for FGrip(1) and FGrip(2), we have:  
 
(1) (1)
(1) (1)2
(1) (1)
1 2 1 2( ) ( )
M M
Grip M M T
G G
L d LF F T A
L d d L d d
       , (4) 
 
(2) (2)
(2) (2)1
(2) (2)
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Grip M M T
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L d LF F T A
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We mark: 
 
(1) (2)
2 1
1 2(1) (2)
1 2 1 2
,( ) ( )
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G G
L d L d
L d d L d d
       , (6) 
and 
 
(1) (2)
1 2(1) (2)
1 2 1 2
,( ) ( )
M M
G G
L L
L d d L d d
      . (7) 
 
Taking (6) and (7) and substituting into (4) and (5), we can 
calculate the grip force of each side separately using the 
measurements of TM and FM from one force sensor using 
 
 (1) (1)1 1Grip M M TF F T A      , (8) 
and 
 (2) (2)2 2Grip M M TF F T A      . (9) 
 
AT(1) and AT(2)  are unknown, thus they contribute to the error 
but are not included in the calculation of  FGrip(1) and FGrip(2), 
as shown in Section C.  For cases of no tactor movement in 
the y direction, the theoretical artifacts in (1) - (9) are all 
zero. Note that FGrip(1) is not equal to FGrip(2), and to provide a 
measurement that is consistent with other studies of the 
control of grip force, we define the mean grip force as 
 
(1) (2)
2
Grip Grip
mean
F F
F
 . (10) 
This force is used in the user study (Section IV) as the target 
force in the experiments.  
C. Calibration & Validation 
1) Calibration of Force Measurement 
To calibrate our force measurement system, we designed a 
3D printed stand instrumented with a force sensor (ATI® 
nano17®) to measure the applied grip force, as depicted in 
Fig. 4. An adjustable link, which can move vertically using a 
lead screw, is connected to the sensor. To simulate the force 
interaction of a finger and distribute the force between the 
tactor and the aperture, the tip of the link in contact with the 
lever is made of DragonSkin® NV10 silicon rubber.  
During the experiments, we lowered the adjustable link to 
apply forces ranging from 0 to 20 N on the tactor and 
aperture while measuring the force and torque acting on the 
base sensor. We used linear regression in accordance with (2) 
and (3) to find the ratio of the distances LG / LM and their 
product with the distance d for both levers. The linear fit had 
R2>0.99 for all cases as presented in Fig. 4. Using these 
results, we found d1=7.17 mm and d2 =5.98 mm (which is 
consistent with visual measurements). Although the 
geometrical measurements of both levers are designed to be 
symmetrical, manufacturing and assembly tolerance caused 
the large difference between d1 and d2, which is accounted 
for in our calculations. We used (6) and (7) to calculate α1, 
α2, β1 and β2. The values of all of the above parameters are 
summarized in Table I. 
  
2) Characterization of Artifacts 
In addition to the measurement artifacts described in (2) - 
(7), another cause for measurement artifacts is a non-uniform 
distribution of grip force over the tactor and aperture during 
tactor movement. To measure the actual artifact, we used the 
calibration system described in Fig. 4 to apply a force of     
15 N on the tactor and aperture of one lever. We then moved 
the tactor back and forth by a distance of 1.5 mm (Fig. 5 (b)), 
while measuring the force using the calibration system's 
force sensor and the device’s force sensor. We repeated this 
in both the x and y directions (Fig. 5(a)). Note that we chose 
the values of 15 N and 1.5 mm to account for the most 
extreme cases that the haptic device was designed for. As we 
TABLE I.   
DEVICE'S PARAMETERS CALCULATED IN THE CALIBRATION PROCESS 
Parameter Value
Lever 1 Lever 2
/G ML L  6.132 6.017 
 /G ML L d  0.044 m 0.036 m 
d  7.17ꞏ10-3 m 5.98ꞏ10-3 m 
 0.074 0.091
 12.39 m 12.63 m 
 Fig. 4. (a) The experimental setup used to calibrate the device. During 
the experiment, the adjustable link was lowered to apply forces ranging 
from 0 to 20 N over the tactor area while measuring the force and 
torque acting on the device’s force sensor. (b) Results of the calibration 
with fitted linear lines in accordance with (2) and (3). The results were 
used to find the coefficients α and β of (8).  
 are interested in the relative artifact error due to tactor 
movement ATM, we define  
 External DeviceTM
External
F FA
F
 , (11) 
where FExternal is the force measured by the external force 
sensor and FDevice is the force calculated from the 
measurement of the device.  
Fig. 5(b) presents the tactor position trajectory during the 
movement in the x and y in the x and y directions, Fig. 5(c) 
presents a comparison between the forces measured by the 
external sensor and the haptic device’s sensor during that 
movement and Fig. 5(d) presents the relative artifact ATM  
using (11). The maximum measured relative artifact ATM is 
0.65 % and 1.03 % of the applied external force for tactor 
movement in the x and y directions, respectively. 
 
3) Separate Measurement of Forces Applied Simultaneously 
on Both Sides of the Gripper 
 
To evaluate the accuracy of the device in simultaneously 
measuring forces from both levers, i.e. in this case 
simultaneously measuring the force applied by the finger and 
thumb, we conducted a test using 2 external ATI® nano17® 
force sensors attached to each of the levers (Fig. 6). Each of 
the sensors was positioned between the aperture and the 
finger or thumb to directly measure the forces.  
We applied a series of three different grips: a grip with a 
larger force applied by the finger (right), followed by a grip 
with a larger force applied by the thumb (left) and a third 
grip in which we attempted to apply an equal force with both 
finger and thumb. The results are shown in Fig. 6. The error 
(defined as the difference between the forces measured by 
the external force sensors to the force measured by the haptic 
device) averaged for FGrip>2 N over the three grip tests is 
2.93%, 3.71%, and 2.67%, for the right, left and mean force, 
respectively.  
IV. USER STUDY 
To demonstrate the use of our device with human 
participants, we performed a user study that included one 
experiment similar to the constant grip force experiment 
performed by Farajian et al. [15] (presented in appendix 1 of 
their study as "reactive experiment 2"). 
A. Experimental Setup 
Eleven Subjects (5 males and 6 females, ages 24-40) 
participated in this study and all reported to be right-handed. 
One participant (female) was excluded from the analysis 
since she reported to have not followed experimental 
instructions properly. The study was approved by the Human 
Subjects Research Committee of Ben Gurion University of 
the Negev, Be'er-Sheva, Israel. All participants signed an 
informed consent form.  
As depicted in Fig. 7, participants were instructed to sit 
comfortably in front of a computer screen and position their 
elbow on the table such that they can easily reach the device 
which was rigidly attached to the table. A barrier prevented 
them from seeing the device along the experiment. The 
participants were instructed to hold the device using their 
finger and thumb while keeping them horizontal. To simplify 
the experiment, we actuated the right tactor only such that 
the skin-stretch stimuli were only applied to the finger. In 
addition, the tactor was moved in the vertical direction only 
(x direction), i.e. the actuation device was used as a 1-DoF 
skin stretch device. All participants wore noise-cancelling 
headphones to avoid sound cues. 
 Fig. 5. Characterization of artifacts for 15 N grip force and 1.5 mm tactor movement. Using our calibration system, we applied a 15 N force to the device 
and recorded the grip forces using the device’s sensor and the external sensor during a tactor movement of 1.5 mm and back in both the x and y directions. 
(a) Coordinate system of the device. (b) The tactor movement trajectory. (c) Change in force during tactor movement. (d) The calculated measurement 
artifact during tactor movement. 
 Fig. 6. Demonstration of the accuracy of the device simultaneously 
recording forces from both sides of the grip. (a) The experimental setting. 
Forces were recorded with the device’s force sensor and external force 
sensors simultaneously, while applying forces on both sides of the device in 
a series of three types of grips: right force>left force, left force>right force, 
and a third one trying to keep the force on the right and left as equal as 
possible. (b) The measured and calculated forces. Dotted lines represent the 
forces calculated using (8), while the solid lines represent the external force 
sensors measurements. The three graphs correspond to the right(orange) and 
left(blue) sides separately, and the mean of both sides(black). 
 B. Experimental Procedure 
Each participant performed a total of 70 trials. To ensure 
that the initial response to the skin-stretch stimulus is not 
caused by unfamiliarity with the stimulus and that the 
participants follow the instructions properly, the first 10 trials 
were dedicated to training.  
Each trial consisted of 4 phases. First, the ramp-up phase, 
in which the participants had to enhance their grip to bring 
the force bar in between the target lines. Second, the stable 
grip phase, in which the participants were requested to keep 
the force bar within the lines. Third, the stimulus phase, 
which starts after a randomized and predetermined time from 
the beginning of the stable grip phase (between 1 to               
4 seconds). In this phase, the skin stretch stimulus was 
applied to the participants’ finger pad while the participants 
were requested to maintain the force bar within the lines. 
Fourth and last, a waiting phase of 3 seconds after the 
beginning of the stimulus. At the end of the fourth phase the 
participants were asked to release the grip.  
In each trial, the tactor displacement was either 0.5 mm,    
1 mm, or 1.5 mm in the x direction and the target force was 
either 5 N or 7.5 N (6 distinct trials). The 60 trials of the 
experiment were constructed of 10 different blocks of 6 trials 
each. Within each block, all 6 combinations of tactor 
displacement and target force were randomized and 
predetermined. The trials were similar for all participants. 
Along the experiments, our device recorded grip forces and 
tactor position as a function of the time.   
To analyze the change in grip force during tactor 
movement, we observed several trials of each of the subjects. 
We quantified the effect of tactor displacement on the change 
in grip force by defining the force difference ΔPS as the 
difference between the peak force during tactor movement 
and the force recorded at the time the tactor starts to move, as 
marked in Fig. 8. Furthermore, we averaged the grip force 
for all 6 conditions (2 levels of target force, 3 levels of tactor 
displacement) across all 10 subjects, with t=0 sec defined as 
the beginning of tactor movement. Finally, we compared the 
average ΔPS data for the different conditions. To test the 
statistical significance of the observed differences, we 
conducted a two-way repeated measures ANOVA on the ΔPS 
data, and performed planned comparisons with Holm 
correction within each one of the two levels of target force. 
For these comparisons, we used pooled variance and the 
degrees of freedom associated with this pooled variance [60]. 
Results are considered significant at α=0.05. 
To analyze the difference in grip force applied from each 
side of the gripper, we used (8) and (9) to calculate the forces 
applied on each side of the gripper for all subjects. We were 
particularly interested in the difference during the stable grip 
phase of the trials, marked III in Fig. 8(a). Since the stable 
grip phase is independent of the preceding skin-stretch 
stimulus, we averaged the recorded grip forces for each 
subject across all tactor displacement conditions and for each 
target force condition separately. The stable grip phase of the 
trials lasted between 1 to 4 seconds, distributed randomly, 
and predetermined. Therefore, we averaged the grip forces 
over 1 second before the beginning of the stimulus. We 
compared this average force of applied by the finger with the 
one applied by the thumb. 
 Fig. 7. The experimental setting. (a) The user holds the device with 
finger and thumb as demonstrated. A bar represents the mean grip 
force that is to be maintained between the horizontal lines 
designating target force). (b) The experimental protocol. Users had to 
reach a target force. After a randomized waiting time at the target 
level, a skin-stretch stimulus was applied. Trials were performed 
with three tactor displacements and two target force level, giving a 
total of 60 trials,10 for each condition. 
   Fig. 8. Example of two trials of subject 5. The two trials (left and right 
columns) have target forces of 5 N and 7.5 N and tactor displacements 
of 1.5 mm and 0.5 mm respectively. (a) and (b): The force along all 
phases of the trial: I - reaching the target force, II – keeping a stable grip 
within the target force limits, III – tactor movement, also marked with 
two triangles and IV – waiting time after stimulus ends and the 
releasing of grip. (c) and (d): An enlarged view of the grip force during 
tactor movement for both trials (left and right). The force difference 
between the peak force and the force when tactor movement starts is 
marked with a double arrow. (e) and (f): Recorded tactor position 
during the two trials.  
 C. Results  
Fig. 8(a1) and (a2) show an example of the recorded force 
throughout the course of two trials of a single participant. An 
enlarged view of the recorded force during tactor movement, 
presented in Fig. 8(b), shows that in both trials, there was a 
sudden increase in grip force starting from about 100 ms 
after initial tactor movement. Fig. 8(c) presents the tactor 
movement trajectory recorded during both trials We 
observed a similar increase in grip force of different sizes in 
all other participants. Averages of grip force across 
participants for all 6 conditions are shown in Fig. 9. 
Participants applied forces closer to the target force for the   
5 N compared with the 7.5 N. Additionally, the increase in 
target force is larger for the 5 N target force compared with 
the 7.5 N target force. 
  The ΔPS data for all subjects and all 6 conditions are 
shown in Fig. 10, with average across participants and 
standard errors. Fig. 10 shows that for all three tactor 
displacements, the average ΔPS is higher for the lower target 
force 5 N compared to the higher force 7.5 N. It also shows 
that for both target forces, ΔPS is larger for a 1 mm tactor 
displacement compared to 0.5 mm. As for the average ΔPS 
for a 1.5 mm tactor displacement compared to 1 mm tactor 
displacement, there is a large difference for the 5 N target 
force but nearly no difference for the 7.5 N target force.   
These observations were corroborated by the statistical 
analysis. The two-way repeated measures ANOVA showed a 
statistically significant effect of the level of target force on 
ΔPS (F(1,9)=14.67, p=0.004), a statistically significant effect 
of the tactor displacement level on ΔPS (F(2,18)=27.31, 
p<0.001) and a statistically significant interaction between 
the effects of target force and tactor displacement on ΔPS 
(F(2,18)=7.95, p=0.003).  
The comparisons for the 5 N target force showed a 
statistically significant difference in the effect of 1 mm tactor 
displacement on ΔPS compared to the effect of 0.5 mm 
(Δ=0.044 N, t(35.93)=2.74, pH=0.038), and a statistically 
significant difference in the effect of 1.5 mm tactor 
displacement ΔPS compared to the effect of 1 mm tactor 
displacement (Δ=0.080 N, t(35.93)=4.93, pH<0.001). For the 
5 N target force, there was a significant difference in the 
effect of 1 mm tactor displacement on ΔPS compared to the 
effect of 0.5 mm (Δ=0.039 N, t(35.93)=2.39, pH=0.044). 
There was a non-significant difference in the effect of        
1.5 mm tactor displacement on ΔPS compared to the effect of 
1 mm tactor displacement (Δ=0.001 N, t(35.93)=0.09, 
pH=0.930).  
An example of grip forces averaged across all tactor 
displacement conditions is shown in Fig. 11. The stable grip 
period is marked in Fig. 11(a) with a black dashed rectangle. 
Fig. 11(b) shows that on average subjects applied larger 
forces with their finger compared to their thumb consistently 
for both target forces. Two subjects applied larger forces 
with their thumb. 
V. DISCUSSION 
A. Design, Calibration & Validation 
We developed a new grip force measurement concept that 
allows for embedding tactile stimulation mechanisms in the 
gripper. This force measurement concept can be used to 
accurately measure each of the grip forces applied on both 
sides of the gripper using a single force sensor while 
eliminating artifacts caused by tactor movements. It allows 
for measuring the forces that are applied on the aperture and 
the tactor, and therefore, provides a more accurate alternative 
to the concept used in [5],[6],[13],[15], where only the force 
applied on the aperture is measured, leading to a loss of force 
in the measurement. An actuation mechanism can be 
integrated into the force measurement device. Here, we 
 Fig. 9. Mean force and standard error for all 10 subjects with (a) 5 N target force and (b) 7.5 N target force. Colors represent different tactor displacement 
conditions. The dashed vertical line at t=0 sec represents the beginning of tactor movement. The horizontal lines represent the center of the target force 
range. 
 
 designed and used a 2-DoF skin-stretch actuation 
mechanism, however, we specifically designed this concept 
such that similar designs can easily have other actuation 
mechanisms for tactile stimulation incorporated into them.  
Results of calibration and validation tests show small 
errors during both static and dynamic measurements. 
Following the calibration process, errors caused by 
manufacturing tolerances or other systematic errors were 
reduced. Our device was built mainly using FDM 3D 
printing, and therefore, more accurate manufacturing of the 
device, and in particular the levers and the back base, could 
further reduce measurement errors.  
 Results of our validation process show minimal artifacts in 
force measurements caused by tactor movement (maximum 
of 0.65% and 1% for the x and y tactor movement directions 
respectively). We administered these tests in conditions that 
according to our force analysis are likely to result in larger 
artifacts that expected in user studies. For example, rubber on 
rubber interface has a larger friction coefficient than finger 
on rubber [61],[62].  In addition, we used the maximum 
range movement of the tactor a large grip force, resulting in 
large tangential forces that may cause artifacts. Therefore, we 
expect that the actual artifacts in user studies will be smaller.  
This validation process was tailored to our device, but can 
be adjusted to match particular characteristics of a similarly 
designed measurement device. Such characteristics include 
the user interface, the integrated actuation mechanism, or the 
expected range of forces to be measured. Farajian et al. [15],  
also tested the artifacts in the force measurement of their 
device during tactor movement. In their test, they used a 
padded clamp to maintain a stable grip force while displacing 
the tactor from the center of the aperture outwards by 
different amounts. The artifact they observed in the 
measurement had a different pattern than ours: they observed 
a decrease in force followed by an increase, whereas here we 
observed only an increase. We hypothesize that the reason 
for this difference stems from the loss of force that is applied 
on the tactor in their measurement method. Additionally, the 
padded clamp could have caused an increased force when the 
tactor pushed against the clamps while moving, causing it to 
extend and apply a force that depends on the stiffness of the 
clamps. In our test, we measured the applied external force 
during tactor movement such that we could eliminate 
changes originating in the stiffness of the calibration system 
by taking the relative error ATM.  
The device allows for separately measuring forces from 
both sides of the grip during the application of static or 
dynamic grip forces. Results showed low errors between 
dynamic forces measured using external force sensors and 
the ones measured by the device (2.67%, 2.93%, and 3.71%, 
for the mean, left and right forces, respectively). To the best 
of our knowledge, none of the tactile stimulation devices that 
incorporated grip force measurement could isolate the force 
applied by each of the fingers [5],[6],[13],[15].  
Some other devices that measure the grip force but do not 
include tactile stimulation, use sensors incorporated into the 
gripper between the fingers [38]–[42],[44] or attached to an 
object [18],[19]. Indeed, using two sensors to directly 
measure the forces might provide better accuracy in the 
measurement. However, it makes the measurement system 
more expensive and elicits limitations on the design of the 
gripper. For example, it requires having a very wide grip 
aperture. Moreover, the accuracy of our device can measure 
the sizes of effect seen in previous studies, ranging between 
10 %  [5],[15], and hundreds of percent of the initial grip 
force [23]. Therefore, our measurement concept can be used 
in studying independent control of human fingertip forces 
[47], abnormalities in the control of grip such as in cases of 
some pathological conditions [48]–[50], and their relation 
with tactile sensation.   
B. User Study 
We used our novel device to measure the grip force that 
users applied during a static force maintenance task. In most 
of the trials, the grip force increased subsequent to tactor 
movement. The average pattern of the change in grip force 
started with an increase in grip force as the tactor started 
moving, followed by a decrease back to around initial force 
level. In some of the trials, in the large target force condition, 
the increase was followed by a decrease below the initial 
 Fig. 10. ΔPS for different target forces and different tactor 
displacements. Individual results are shown with empty markers while 
averages are represented by filled markers and SE by bars.
 Fig. 11. (a) and (c): Example of the mean response of Subject 5 with 
standard error, for a target grip force of 5 N (a) and 7.5 N (c). (b) 
Average of force along 1 second before stimulation was applied 
(marked with a black dashed line on the left) for a target grip force of 5 
N (b1) and 7.5  N (b2). Black dot markers with error bars show average 
over subjects with standard error. 
 force level, but this decrease was not consistent across trials. 
This pattern is different from the one reported in Farajian et 
al.[15], where the response typically started with a 
substantial decrease in grip force prior to a smaller increase. 
This difference suggests that consistently with our hypothesis 
and with the concerns raised in Farajian et al. [15], at least 
part of the decrease in grip force that they observed can be 
explained by measurement artifacts. This could be a result of 
their measurement that captured only the part of the grip 
force that was applied on the aperture.   
One possible explanation to the increase in grip force 
caused by tactor movement is that it was interpreted as a 
sudden load force or slippage of a held object. It was shown 
that feedback from tactile mechanoreceptors in the finger 
pads has a role in the response to a sudden change in friction 
conditions or an unpredictable load force [25],[29],[32],[34], 
[35],[63]. 
In our static force maintenance task, the tactor moved 
against the finger pad skin of the participants while 
stretching it and applying a local shear force to it. This 
stretch of the skin is present in natural interaction with a held 
object and when applied artificially concurrently with a load 
force it is known to augment this force [5],[15]. In addition 
to stretching the skin, the tactor may also be fully or partially 
slipping over the contact area [64],[65]. Thus, the observed 
increase in grip force could be a response induced by 
feedback from mechanoreceptors that is meant to prevent the 
loss of grip or stop an on-going slippage.  
Another possible explanation is that the response is purely 
a dynamic response that depends on the mechanical 
properties of the finger pad skin and the dynamics of the 
hand of the participant, and had nothing to do with active 
feedback from the sensorimotor system. As the tactor moves 
against the curvature of the finger pad, the distribution of 
grip force between the tactor (FT) and aperture (FA) can 
change due to normal deformation of the skin [23],[64]–[66]. 
It is possible that the dynamics of this change can induce a 
temporary altering in the grip force. This could explain the 
change in the measured force that Farajian et al. [15] 
observed when using a padded clamp to apply a constant 
force to their device while moving the tactor, although that 
change may have been a result of measuring only FA. We 
observed a change in grip force when applying a constant 
force to our device only when the tactor moved in the y 
direction, which does not comply with this hypothesis. 
However, further modelling and testing is required to 
estimate the magnitude of this effect. 
   The effect of tactile stimuli on the increase of the grip 
force was larger for the smaller target force. A larger grip 
force causes a larger normal force between the tactor and 
finger pad, resulting in a larger friction force, and possibly, 
more stimulation of mechanoreceptors [7],[44],[45]. 
Therefore, we hypothesized that applying a larger target 
force will result in a larger increase in grip force, however, 
our results contradict this hypothesis. There are several 
possible explanations to this result. A ceiling effect in grip 
force that participants could apply may have caused smaller 
response in the larger target grip force. This is however not 
likely, because humans can easily apply larger grip forces, up 
to    65 N [67]. Another explanation could be that a larger 
normal force caused both normal and tangential deformation 
of the finger pad skin, affecting its mechanical properties and 
as a result, its response to tactor movement [23],[64]–[66]. 
Another likely explanation is related to safety margins in 
grip force control [24]–[26],[29],[32],[36]. When we hold an 
object, we apply a grip force that is only slightly above the 
force needed to prevent slippage in accordance with the 
internal representation of the dynamics of the held object 
[8],[10],[11],[39],[40],[48],[49]. In our experiments, 
applying a larger target force to the same object may have 
increased the safety margin above the necessary grip force to 
prevent slippage of the held object. As a result, the 
confidence of the participants that the object cannot slip from 
their grip may have increased, and therefore, the reaction to 
tactor movement was smaller. It is possible that the effect of 
increasing target force on the change in grip force during a 
skin stretch stimulus is a combination of the increase in 
friction force with the tactor and an increase in the safety 
margin, which have opposite contributions. To further test 
these hypotheses, more experiments with additional target 
force conditions and in more natural object manipulation 
scenarios are needed. 
Larger tactor displacements caused larger changes in grip 
force. Nonetheless, for the 7.5 N target force there was no 
significant difference between the change in grip force 
caused by a 1.5 mm tactor displacement compared with the 
one caused by a 1 mm displacement. It is possible that for the 
larger target force, a lower tactor displacement is needed to 
reach saturation of the tactile sensation in the finger pad, 
because the mechanoreceptors can already be saturated [33]. 
Another possible reason for such saturation could be that for 
larger grip forces the skin is less compliant [23],[64]–[66],  
and therefore, more difficult to stretch. Gleeson et al. [17] 
tested the effect of tactor displacement in a direction 
identification test and discovered that for speeds ranging 
from 0.5 mm/s to 4 mm/s, no significant improvement in 
performance was seen for tactor displacements over 0.2 mm, 
which might also be explained by saturation of tactile 
sensation or compliance of the skin to stretch. To test this in 
our experimental setting, future studies are needed with 
additional larger tactor displacements and higher target 
forces. Furthermore, higher resolution of tactor displacement 
could provide a more accurate result. 
Finally, our results provided validation for the ability of 
the device to measure forces from both sides of the gripper. 
Most participants applied a larger force with their finger 
compared to their thumb during the stable grip phase of the 
experiments. It is worth reminding that during our 
experiments, skin stretch was applied only to the finger. 
However, the stable grip phase in a trial occurs before tactor 
movement. Therefore, those results do not indicate a 
connection between the stimulated finger to the applied 
force. One possible explanation for this result is that the 
participants sat to the left of the device such that their posture 
caused them to apply a pulling force towards the left, 
resulting in a higher force applied by the finger of their right 
hand. However, extensive studies with additional postures 
 and possibly also with the left hand are needed to ascertain 
such explanation.  
VI. CONCLUSION AND FUTURE WORK 
We designed a novel grip force measurement concept and 
implemented it in our newly designed device. To 
demonstrate the integration of a tactile mechanism into the 
device's gripper, we designed a 2-DoF actuation mechanism 
for skin stretch stimulation. Calibration and validation 
processes showed that the device can accurately measure grip 
forces while applying skin stretch to the user's finger pad.  
To test the device in a user study, we conducted an 
experiment in which participants had to maintain a constant 
target grip force while skin stretch stimuli of different 
displacement levels was applied to their finger pad. Results 
showed that users increased their grip force when the skin 
stretch stimulus was applied, that the effect was larger for 
higher tactor displacements, and that saturation of the effect 
can be reached above a certain level of skin stretch. 
Furthermore, effects were larger for the lower target force, 
likely due to lower level of confidence in the grip. 
Our grip force measurement concept provides a more 
accurate alternative to the existing measurement solutions. 
The results of both validation process and a user study show 
that it can be used to investigate human motor response to 
tactile stimulation. Such response might be an important 
consideration in the design of manipulation mechanisms and 
controllers for teleoperation or virtual reality with haptics. 
Therefore, using our new concept to better characterize this 
response can contribute to better designs of such systems. 
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